or the past several decades, the prognosis for patients with a malignant glioma has remained relatively static and poor. 48 During this time, many novel therapies that have shown preclinical promise for the treatment of malignant gliomas have been developed, but few have been translated successfully to the clinic. Despite the progress being made with transgenic and genetically engineered rodent glioma models, a significant abbreviatioNs CTCAE = Common Terminology Criteria for Adverse Events; DICOM = Digital Imaging and Communications in Medicine; GBM = glioblastoma multiforme; IRE = irreversible electroporation; IV = intravenous; KPS = Karnofsky Performance Scale; PBS = phosphate-buffered saline; PD = progressive disease; PDMS = polydimethylsiloxane; PGP = probe guide pedestal; RANO = response assessment in neurooncology; SD = stable disease. submitted July 31, 2014. accepted December 12, 2014. iNclude wheN citiNg Published online July 3, 2015; DOI: 10.3171/2014.12.JNS141768. disclosure The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper. AngioDynamics, Inc. loaned the NanoKnife system for and manufactured the electrodes used in the study. obJect Irreversible electroporation (IRE) is a novel nonthermal ablation technique that has been used for the treatment of solid cancers. However, it has not been evaluated for use in brain tumors. Here, the authors report on the safety and feasibility of using the NanoKnife IRE system for the treatment of spontaneous intracranial gliomas in dogs. methods Client-owned dogs with a telencephalic glioma shown on MRI were eligible. Dog-specific treatment plans were generated by using MRI-based tissue segmentation, volumetric meshing, and finite element modeling. After biopsy confirmation of glioma, IRE treatment was delivered stereotactically with the NanoKnife system using pulse parameters and electrode configurations derived from therapeutic plans. The primary end point was an evaluation of safety over the 14 days immediately after treatment. Follow-up was continued for 12 months or until death with serial physical, neurological, laboratory, and MRI examinations. results Seven dogs with glioma were treated. The mean age of the dogs was 9.3 ± 1.6 years, and the mean pretreatment tumor volume was 1.9 ± 1.4 cm 3 . The median preoperative Karnofsky Performance Scale score was 70 (range 30-75). Severe posttreatment toxicity was observed in 2 of the 7 dogs; one developed fatal (Grade 5) aspiration pneumonia, and the other developed treatment-associated cerebral edema, which resulted in transient neurological deterioration. Results of posttreatment diagnostic imaging, tumor biopsies, and neurological examinations indicated that tumor ablation was achieved without significant direct neurotoxicity in 6 of the 7 dogs. The median 14-day post-IRE Karnofsky Performance Scale score of the 6 dogs that survived to discharge was 80 (range 60-90), and this score was improved over the pretreatment value in every case. Objective tumor responses were seen in 4 (80%) of 5 dogs with quantifiable target lesions. The median survival was 119 days (range 1 to > 940 days). coNclusioN With the incorporation of additional therapeutic planning procedures, the NanoKnife system is a novel technology capable of controlled IRE ablation of telencephalic gliomas.
obstacle to therapeutic development remains the failure of animal model systems to faithfully reproduce phenotypically and genotypically diverse tumors on a scale comparable to that seen in humans. 6 Dogs with spontaneous brain tumors have been recognized for their potential as a large translational animal model for preclinical assessment of novel therapeutics because significant clinical, cytogenetic, epidemiological, and pathophysiological similarities have been identified between canine and human brain tumors. 6, 23 Although the true incidence of canine brain tumors is unknown, necropsy-based estimates indicate a frequency of 2% for primary tumors, which approximates the autopsy frequency of CNS tumors seen in humans. 30 Currently, there are limited data regarding the clinical efficacy of conventional therapies in dogs with a histopathologically confirmed glioma, but existing evidence suggests that the prognosis is poor, irrespective of the type of treatment administered. 20, 39 The homologies between the diagnostic imaging and histopathologic features of canine and human gliomas have been well described. 27, 39, 43, 49 The molecular characterization of canine and human gliomas has revealed several common denominators, including the presence of cancer stem-like cells and the expression profiles of growth factors and other molecular biomarkers such as epidermal growth factor, platelet-derived growth factor, interleukin 13Ra2, telomerase activity, and vascular endothelial growth factor. 9, 11, 36, 43, 44 Although the genetic characterization of canine gliomas is in its infancy, the field has advanced rapidly since the publication of the canine genome. 45 In addition, the identification of genetic abnormalities in canine gliomas can be facilitated by the relative genetic homogeneity that exists in the brachycephalic dog breeds in which gliomas are overrepresented. 36, 43 Thus, dogs are an attractive preclinical model, because the size and heterogeneity of canine gliomas more faithfully represent those of humans.
Pulsed electrical fields have been investigated for the treatment of malignant glioma, mainly for their cytostatic potential, as with tumor-treating fields. 24 In addition, other therapies aim to facilitate local tumor treatment by enhancing chemotherapeutic drug delivery through the reversible permeabilization of the blood-brain barrier and tumor cell membranes in a process known as electrochemotherapy. 1, 40 Irreversible electroporation (IRE) is a novel, minimally invasive, nonthermal tissue-ablation technique that involves the placement of small electrodes into a targeted area and delivery of carefully selected electrical pulses. 8 When the applied electrical field exceeds critical tissue-specific thresholds, cells within the treatment region are permeabilized irreversibly through the formation of nanoscale aqueous pores in the cytoplasmic membranes, which results in cellular death. 8 In animal models with experimentally induced and naturally occurring cancers, IRE has been shown to be a safe and efficacious method of tumor ablation. 2, 34 The NanoKnife system (AngioDynamics, Inc.) has been used safely for ablating a variety of softtissue malignancies in humans, including those in the pancreas, liver, lung, prostate, and kidney. 5, 7, 29, 31, 46 In addition to its minimally invasive nature and nonthermal mode of action, IRE offers other advantages in the form of rapidity of treatment, which is on the order of minutes. 13 IRE therapy also has the potential to spare the vasculature, ductal networks, and extracellular matrix, which facilitates posttreatment healing. 2, 8, 35 Motivated by evidence of the positive effect that the extent of resection confers on the survival of human patients with high-grade astrocytoma treated with radiotherapy and the technical challenges that often preclude grosstotal glioma resection, our laboratory has focused on leveraging the advantages associated with IRE for use in the ablative treatment of malignant glioma. 50 Using canine and rodent models, we have demonstrated that IRE can be used to ablate normal and neoplastic brain tissue safely and predictably. 13, [16] [17] [18] We and others have also shown that a transient and reversible disruption of the blood-brain barrier occurs in a penumbra of tissue surrounding the zone of IRE ablation, which can be exploited for the delivery of high-molecular-weight chemotherapeutics to microscopic tumor infiltrates that extend beyond the gross-tumor margins, which account for the majority of local treatment failures in patients with malignant glioma. 13, 17, 19, 21 We hypothesized that these features of IRE coupled with advances in therapeutic planning would allow for the safe and precise ablation of intracranial gliomas. The specific aim of this study was to evaluate the safety of IRE performed with the NanoKnife system for the treatment of spontaneous glioma in dogs.
methods study design
This was a prospective single-center study conducted to evaluate the safety and feasibility of the techniques necessary for ablative treatment of spontaneous canine intracranial glioma using the NanoKnife system. Study dogs were treated according to the standards established by the Guide for Care and Use of Laboratory Animals, and all study procedures were approved by the institutional animal care and use committee and the Virginia-Maryland Regional College of Veterinary Medicine Veterinary Teaching Hospital clinical review board.
Client-owned dogs with a suspected spontaneous telencephalic glioma based on MRI characteristics were candidates for the study. For inclusion, each dog was required to have a diagnostic MRI within 2 weeks of enrollment that demonstrated a single telencephalic intraaxial mass lesion with imaging features consistent with those of glioma, 49 have stable cardiopulmonary and neurological functions, and have no evidence of concurrent systemic malignancy or significant hepatic or renal dysfunction. Exclusion criteria included previous treatment of the brain lesion with any type of radiotherapy. The dogs were enrolled using a passive approach after identification from the routine clinical population presented to the study center or its referral affiliates; recruitment occurred after an investigator's review of clinical data from each candidate. Each client provided written informed consent for his or her dog to receive the protocol treatment. Those dogs in which the NanoKnife electrode probes were inserted into the brain comprised the intent-to-treat population.
The primary study end point was to evaluate the safety of IRE with the NanoKnife system for the treatment of intracranial glioma. Safety was defined as the absence of severe clinical toxicity within 14 days of the IRE procedure. Severe clinical toxicity was defined by a ≥ 20-point decline in the Karnofsky Performance Scale (KPS) score from the pretreatment value 47 or the development of Grade 3, 4, or 5 (severe, life-threatening, or fatal, respectively) adverse events, as classified and graded according to the Cancer Therapy Evaluation Program Common Terminology Criteria for Adverse Events (CTCAE) version 3.0 (http://ctep.cancer.gov/protocolDevelopment/electronic_ applications/docs/ctcaev3.pdf).
Secondary end points included direct toxicity evaluations determined from posttreatment imaging studies, including induction or exacerbation of brain edema, procedure-associated hemorrhage or infarction, or collateral damage to brain tissue outside of IRE-treated regions. Additional secondary end points included changes in KPS score at 7 and 14 days of treatment, results of therapeutic response assessments using response assessment in neurooncology (RANO) criteria, 37 and overall survival, as determined from the date of IRE treatment to the date of death or being killed humanely. The administration of additional therapies was permitted after the initial 14-day posttreatment observation period. Any additional therapies and their influence on outcome are reported as clinical observations only. The dogs were followed up posttreatment for a minimum of 12 months or until death or being killed humanely, whichever occurred first. Physical and neurological examinations were performed and KPS scores and adverse events noted daily during hospitalization and on Days 7, 14, 42, 90, 180, 270 , and 365. Laboratory assessments were performed 1 day before IRE (Day -1) and on Days 1, 2, and 14. Follow-up MRI examinations of the brain were performed with the dog under general anesthesia on Days 42, 90, 180, 270, and 365 or as dictated by the dog's clinical status. The long-term assessment of the seizure outcome was performed using the Engel classification, determined from the date of discharge until death or completion of the follow-up period as follows: Class I, dogs that were completely seizure free or had convulsions only after antiepileptic drug withdrawal; Class II, dogs with rare disabling seizures, up to 3 per year; Class III, worthwhile improvement; and Class IV, no improvement.
objective tumor-response assessment
Volumetric tumor quantification was determined by using image-analysis software (OsiriX Imaging Software version 4.1.2; OsiriX Foundation). Volumes were defined from T2-weighted MR images, because not all tumors demonstrated contrast enhancement. Manually defined regions of interest (ROIs) were generated for individual contiguous MR-image slices, and volumes were calculated with ROI-volume software.
Therapeutic responses were defined according to principles described in the RANO criteria, adapted for use in clinical veterinary medicine. 37 For the purposes of this study, in dogs with quantifiable target lesions, a partial response was defined as a ≥ 50% reduction in the enhancing tumor sum products of diameters (SPD), stable disease (SD) was defined as a < 50% decrease or < 25% increase in contrast-enhancing SPD, and progressive disease (PD) was defined as a > 25% increase in contrast-enhancing SPD. For dogs with quantifiable target lesions using RANO criteria, attempts were made to perform posttreatment MRI scans and tumor biopsies under general anesthesia within 96 hours of IRE, depending on the dog's clinical status.
the NanoKnife system
The NanoKnife system includes a generator and singleuse disposable electrode probes. The NanoKnife generator is a microprocessor-controlled low-energy direct-current IRE device that operates outside of the sterile surgical field and consists of an LCD display, console and keyboard, power unit and cord, and double footswitch. The generator can deliver between 500 and 3000 V of energy in a maximum of 100 pulses, which have a maximum pulse length of 100 µsec, and it has user-controlled settings for voltage, pulse length, and number of pulses applied. The generator is designed for use in conjunction with up to 6 NanoKnife electrode probes, which work in a 2-pole operating mode in which one pole is the positive supply and the second pole is the negative return. After activation of the footswitch, low-energy direct current is transmitted from the generator to the electrode probes placed in the target area for soft-tissue ablation. The NanoKnife system monitors and visually displays the delivered voltage and current at the completion of the treatment. As a safety measure, the NanoKnife system will automatically suspend pulse delivery at any point during the treatment if a 50-A current threshold is exceeded.
For the purposes of this study, the 50-µsec pulses used were configured with an alternating polarity between each set of 10 pulses to minimize charge build-up on the electrode surface and reduce the total charge delivered to the brain. 13, 18 The NanoKnife can be programmed to deliver the pulse sequence with alternating sets as long as a verification code that prohibits the automatic reorganization of the pulse order is introduced.
The electrode probes used in this study were monopolar prototypes (1-mm outer diameter) specifically modified by the manufacturer (200-104302; AngioDynamics, Inc.) with an overall length of 15 cm and blunted tips ( Fig.  1 ), which were connected to the pulse generator via 1.8-m insulated cables, for insertion into the brain. The active exposure length of the electrode tip can be adjusted in 5-mm increments over a range of 40 mm. To preserve the constraints of the multielectrode probe configurations relative to each other and the dog according to our pretreatment plans, polydimethylsiloxane (PDMS) electrode immobilizers were also manufactured ( Fig. 1 ) in our laboratory. These PDMS immobilizers readily attached to the stereotactic head frames and enabled wide latitude in the electrode probe configuration and preoperative assembly and sterilization of the electrodes.
therapeutic ire planning procedure (protocol day -1) stereotactic procedure and dog preparation
The procedure is summarized in Fig. 2 . On the day before IRE after clinical examinations and laboratory as-sessments, general anesthesia was induced after a 12-hour fast. The head of each dog was then affixed to a custommodified small-animal stereotactic head frame (1530 M; David Kopf Instruments) using a vinyl-polysiloxane putty (Express STD; 3M ESPE Dental Products) dental impression of the maxillary arcade. The head frame was modified by manufacturing the rostral/caudal and ear bars of the frame with polyoxymethylene acetal resin (Delrin POM; DuPont). Three-point immobilization occurred using the bite plate, ear bars, and memory foam placed under the mandible. In addition, to facilitate placement of multielectrode probe arrays ( Fig. 1) into the tumors for IRE treatment, a polyoxymethylene acetal resin center-of arc quadrant apparatus that could be affixed to the rostral/ caudal bars of the head frame was also fabricated (Fig. 3) .
Precontrast and postcontrast (intravenous [IV] iohexol, 0.45 ml/kg) CT scans were obtained with a 16-slice scanner (Aquilion; Toshiba) with the dog in the fully instrumented head frame in sternal recumbency. Immediately after the CT scan, the dog was recovered from the anesthesia. Because cerebral edema induced by IRE ablation was recognized in a previous study in the normal canine brain, 13 edema prophylaxis consisting of 20% mannitol (IV, 1 g/kg every 12 hours), furosemide (IV, 0.75 mg/kg every 12 hours), and dexamethasone (IV, 0.25-0.5 mg/kg every 12 hours) was initiated 12 hours before IRE. , and the stereotactic coordinates for tumor biopsy and electrode placement were determined. The trajectories chosen for electrode placement were generally similar to those used for biopsy. Depending on the size and geometry of the tumor, pulse delivery at multiple electrode probe depths along the same trajectory was sometimes required. The rostral/caudal coordinates were determined based on the ear-bar linear reference markers. Medial/lateral and dorsal/ventral coordinates were measured directly from DICOM-formatted images using osseous anatomical landmarks, including the external sagittal crest and external surface of the skull, respectively.
segmentation and meshing of brain tissue components
Mimics version 14.1 image-analysis software was used to segment the tumor geometry from normal brain tissue components, including the ventricles and the white and gray matter (Fig. 4) . The tumors were traced in each of the 2D diagnostic MR, CT, or any other DICOM-format imaging modalities according to intensity values. A solid 3D representation of the tumor volume, the ventricles, and the brain tissue was then refined and exported to 3-matic version 6.1 (Materialise) to generate a volumetric mesh that was compatible with the computational modeling software.
Finite element modeling of electric Field distribution
Refined volumetric meshes were imported into finite element modeling (Multiphysics, version 4.2a; Comsol) software to simulate the physical effects of the electric pulses in the tumor and surrounding normal brain (Fig. 4) . The methods used to generate the electric field distributions in tissue are similar to the ones described by Edd and Davalos 12 but include conductivity functions that reflect the nonlinear increase that occurs during electroporation in addition to white matter anisotropy. 17 The electric field distribution associated with the electric pulse is given by solving the continuity equation,
where s(|E|) is the electric field-dependent conductivity of the tissue and j is the electric potential. Boundary conditions most often include surfaces for which electric potential is specified, as in the case of a source or sink electrode, or surfaces that are electrically insulating, as on the free surfaces of the tissue, for example. The electrical boundary condition along the tissue that is in contact with the energized electrode is j = V o . The electrical boundary condition at the interface of the other electrode is set to ground. The remaining boundaries are treated as electrically insulating.
The models are fully defined and readily solvable using numerical methods once an appropriate set of boundary conditions and physical properties of the tissue are defined. The computations were performed with a commercial finite element package (Multiphysics version 4.2a). The analyzed domain extends far enough from the area of interest (i.e., the area near the electrodes) that the electrically insulating boundaries at the edges of the domain do not significantly influence the results in the treatment zone.
The numerical models have been adapted to account for a dynamic nonlinear tissue conductivity that occurs as a result of electroporation and redistributes the electric field during the treatment.
18,31,41 The significant nonlinear changes in the electrical conductivity of treated tissues occur because of cell membrane defects that facilitate the flow of ions and current through cells and are necessary to accurately represent IRE treatments. The dynamic conductivity, s(E, T), is a function of the electric field (E) and temperature (T) of the tissue during the IRE treatment. In tissue and tumors, this increase in conductivity is approximately 3-6 times the baseline conductivity when fully electroporated. 22 Based on the tumor dimensions and computational simulations, IRE pulse parameters were determined to maximize coverage of the entire tumor volume and minimize damage to the surrounding healthy tissue for 5 of the 7 dogs. Specifically, tumors that were smaller than 2.5 cm 3 were selected for entire coverage with up to 6 electrodes. In the cases of Dogs 2 and 5, corresponding to patients with glioblastoma multiforme (GBM), the tumors were larger than 2.5 cm 3 , so the treatment-planning strategy was to reduce the tumor volume as much as possible without affecting critical surrounding structures. We used an electric field threshold value of 500 V/cm to computationally assess the coverage of the tumor and potential effects on the surrounding normal brain tissue. However, in the case of close proximity to critical structures such as the ventricles, we used 250 V/cm as a conservative electric field threshold during the calculations. In Dog 6, for example, we developed a parametric study to compute the volumes of tumor tissue, gray matter, and white matter that would potentially be affected with different applied voltages using the 500 V/cm threshold level (Fig. 4F) . In this case, the IRE treatment was delivered at the 1000-V level because it covered a significant fraction of the tumor while affecting a significantly smaller volume of gray matter and white matter in the surrounding tissue. A representative electric field distribution determined from these parameters can be seen in Fig. 4G , which shows the localized effect around the exposed electrodes within the tumor.
surgical approaches
Two surgical approaches were used for the IRE procedures. Dogs with a tumor associated with significant leptomeningeal contact, moderate-to-marked mass effect, or brain herniations or a tumor with geometry or size that necessitated insertion of ≥ 3 sets of electrodes were treated with a rostrotentorial craniectomy of sufficient size to accommodate electrode array placement (Figs. 1 and 3) . Dogs with deep-seated subcortical tumors associated with minimal mass effect or peritumoral edema were treated by using a bur-hole craniectomy and implantation of a probe guide pedestal (PGP) (Fig. 5) . The PGP was constructed from threaded nylon rod, into which linear guide channels were machined to accommodate passage of 16-gauge sidecutting biopsy needles (Integra Radionics) and the IRE electrode probe configuration necessary to treat the dog's specific tumor. The PGP was anchored to the skull using titanium self-tapping bone screws (Quick Tap; Kinamed Inc.) and ultraviolet-curable urethane dimethacrylate gel (Triad Gel; Dentsply International, Inc.).
surgical technique (protocol day 0)
After induction of general anesthesia with IV propofol and fentanyl infusions, the dog was affixed to the stereotactic head frame, and the head was shaved and aseptically prepared for surgery. In the operating theater, each dog underwent a routine lateral rostrotentorial approach to the skull. The final dog-specific approach (craniectomy vs PGP) to the tumor was performed, and brain biopsies were obtained by using the manipulator arm of the stereotactic head frame based on coordinates determined from the pretreatment plans. Before proceeding with the NanoKnife treatment, confirmation of viable glioma was verified by cytopathologic analysis of tissue sections performed by a veterinary pathologist. The tumor was histopathologically classified and graded according to World Health Organization criteria. 28 After the biopsy, the surgical field was lavaged, covered with an impregnable, adhesive, iodinated barrier drape, and the dog was transported under anesthesia to the CT suite for IRE treatment. After positioning the dog on the CT couch, additional sterile draping was applied to the dog and CT unit. The electrode probes were then advanced into the target region either with fixation of the PDMS immobilization device to the stereotactic frame (Fig. 3) or through the implanted PGP (Fig. 5) ; probe placement was confirmed with CT.
Neuromuscular blocking agents (IV atracurium or IV rocuronium) were administered to effect 10 minutes before delivery of the IRE pulses. The tumor was then ablated according to the dog-specific treatment-planning protocols after activating the NanoKnife generator by depressing the footswitch. Pulse delivery was synchronized with the electrocardiogram (Cardiac Trigger Monitor 3000; Ivy Biomedical) to prevent the induction of any ventricular fibrillation or other cardiac arrhythmias. 10 After the completion of IRE pulse delivery, the electrodes were removed from the brain, and precontrast and postcontrast CT scans of the brain were obtained. The dog was then transported back to the operating theater, where the surgical wound was lavaged and closed routinely. In those dogs in which a PGP was implanted, a solid nylon end cap was placed on the exposed proximal threads before closure. Each dog received perioperative antibiotics (IV cefazolin, 22 mg/kg every 8 hours) and buprenorphine (IV or SC, 0.03 mg/kg every 6-8 hours) for at least 36 hours after recovery from the IRE treatment.
caspase-3 immunohistochemistry
Formalin-fixed paraffin-embedded tumor samples were cut into 5-µm sections for caspase-3 immunohistochemistry. 38 Antigen retrieval was performed with antigen-retrieval citrate buffer (citrate pH 6.0; caspase-3, Dako 3-in-1) by boiling for 10 minutes. The sections were washed in neutral phosphate-buffered saline (PBS) for 5 minutes after antigen retrieval. Endogenous peroxidase activity was quenched by exposing the sections to 0.3% hydrogen peroxide in methanol for 30 minutes at room temperature. After blocking with 10% normal goat serum (Protein Block; Dako) for 30 minutes at 37°C, the sections were incubated with rabbit polyclonal caspase-3 (1:60; Abcam) in 0.01 M PBS containing 1% normal goat serum and 0.3% Triton X-100 for 30 minutes at 20°C. The sections were then rinsed with Tris-buffered saline and incubated for 1 hour with biotinylated anti-rabbit IgG (1:200, ABC kit; Vector Laboratories) in 0.01 M PBS containing 1% normal goat serum and 0.3% Triton X-100. Subsequently, the sections were rinsed with Tris-buffered saline and incubated with an avidin-biotin-horseradish peroxidase complex (1:200, ABC kit) for 1 hour at 37°C. Visualization occurred via the alkaline phosphatase method using a fast red chromogen and hematoxylin counterstain. Canine tonsil was used as a positive control. Negative control sections received identical treatment except they were not exposed to the primary antibodies.
caspase-3 and poly(adp-ribose) polymerase western blotting Brain tumor proteins were prepared by extraction in neutral (pH 7.4) Tris containing 0.1% Triton X-100. Protein concentrations were determined by using a bicinchoninic acid protein assay (Sigma-Aldrich). From each sample, 50 µg of protein was separated on a 12% polyacrylamide gel. After electrophoresis, protein was transferred to a nitrocellulose membrane that was blocked at room temperature for 1 hour in a solution of 1× Tris-buffered saline containing 5% skim milk, 1% bovine serum albumin, and 0.05% Triton X-100. The membrane was then incubated overnight at 4°C in the blocking solution containing rabbit antiactive and procaspase 3 polyclonal (1:1000; Abcam) and rabbit polyclonal anti-poly(ADP-ribose) polymerase (1:1500; Abcam) antibodies. Membranes were washed and then probed with horseradish-peroxidase-conjugated goat anti-rabbit secondary antibody (1:1000; BD Bioscience), and detection was performed by using a chemiluminescence detection kit (GE Healthcare Life Sciences). The positive control consisted of a canine J3T glioma cell line incubated for 24 hours in 1 µM staurosporine in dimethyl sulfoxide. Rabbit anti-b-actin polyclonal antibody (BioVision) was used as an equivalent protein loading control.
results clinicopathologic characteristics
Seven dogs with spontaneous intracranial gliomas (Table 1) were treated. The IRE treatment in Case 1 was described previously. 16 The mean ± SD age of the dogs was 9.3 ± 1.6 years, and the mean pretreatment tumor volume (according to T2-weighted imaging) was 1.9 ± 1.4 cm 3 . Each dog had structural tumor-associated epilepsy and was receiving 1 or more anticonvulsants and corticosteroids at the time of enrollment. Each dog also had interictal neurological deficits consistent with the neuroanatomical location of the tumor, including behavioral change (n = 3), ipsilateral circling (n = 3), homonymous hemianopia (n = 2), obtundation (n = 2), and hemi-inattention (n = 1). The median pretreatment KPS score was 70 (range 30-75). The median duration of clinical signs before IRE treatment was 26 days (range 19-188 days).
NanoKnife ire treatment
The surgical approaches, treatment parameters derived from therapeutic plans, and voltages and currents measured during treatment of the 7 dogs are summarized in Tables  2 and 3 . The median total time required for pulse delivery, calculated from final electrode probe placement into the target until withdrawal of the probes from the brain, was 9 minutes (range 4-34 minutes). No alterations in the electrocardiogram were noted during pulse delivery. In 6 of the 7 dogs, IRE treatment was executed without com- plications, and the actual energy delivered to the tumor, as determined from the voltage and current output data from the NanoKnife, was representative of intended energy delivery from the therapeutic plans (Tables 2 and 3 ). In Case 5 ( Fig. 3) , there was suspicion of invasion of the GBM into the lateral ventricle and the potential for increased current delivery associated with pulsing in the conductive cerebrospinal fluid medium. Recording of high currents after delivery of the first two 10-pulse sequences (Table 3 , original treatment) confirmed this suspicion, which resulted in manual abortion of pulse delivery and necessitated intraoperative revision of pulse-delivery parameters to reduce the current (Table 3 , revised treatment). Intraoperative and acute postoperative imaging studies indicated that, except for in Case 5, IRE treatment was achieved without inducing or exacerbating edema or significant hemorrhage from pulse delivery (Fig. 6 ).
adverse events
All adverse events observed within the 14-day posttreatment observation are reported in Table 4 . Overall, 2 of the 7 dogs developed significant clinical toxicity within 14 days of the IRE treatment. Dog 2 developed fatal (Grade 5) aspiration pneumonia. Dog 5 developed cerebral edema associated with a 15-point decline in the KPS score and a transient exacerbation of preexisting neurological deficits that were managed effectively with diuretics and corticosteroids. No surgical site or CNS infections were observed over the entire study period. Mild-to-moderate (CTCAE Grades 1 and 2; Table 4 ) adverse events were observed in every dog during the 14-day posttreatment safety evaluation period. Grade 1 and 2 adverse events included acute posttreatment seizures in 5 of the 7 dogs, perioperative nausea, vomiting, or diarrhea in 4 dogs, and aspiration in 1 dog.
Adverse events were observed in 5 of 6 dogs between Days 15 and 365 of the study period and are presented in Table 5 . Severe adverse events were noted in 2 of 6 dogs and mild-to-moderate adverse events in 3 of 6 dogs. Neurological adverse events occurred in 4 of 6 dogs, including seizures in 4 dogs and CNS necrosis and leukoencephalopathy in 1 dog. 16 Tables 6 and 7 summarize the clinical outcomes over the study period. Within 1 hour of recovery from anesthesia after treatment, 6 of the 7 dogs were alert and capable of assuming sternal recumbency, and 4 of 5 dogs that were capable of unassisted ambulation preoperatively were able to ambulate within 4 hours of recovery. The median duration of hospitalization for IRE therapy, inclusive of the pretreatment planning, was 4 days (range 3-11 days). Among the dogs that survived to discharge, the KPS scores were improved over the pretreatment values in 5 of 6 and 6 of 6 dogs at 7 and 14 days after treatment, respectively ( Tables  1 and 6 ). Seizure control improved (Engel Classes I-III; Table 7 ) in 5 of the 6 dogs that survived to discharge, with 2 of 6 dogs demonstrating seizure freedom (Engel Class I) on Days 15-365 of the study.
clinical outcomes
The median survival in this group of dogs was 119 days (range 1 to > 940 days; Table 6 ). Two dogs underwent additional therapies after completing the initial mandatory 14-day post-IRE observation (Table 7) . Of the 6 dogs that survived the initial 14-day safety evaluation window, 2 completed the prescribed 12-month follow-up period (Table 7). Each of the remaining 4 dogs was humanely killed during the study follow-up period at the request of the owner; in 3 of these dogs, RANO criteria of PD were documented in proximity to death (Table 7) . When requested by the owner, dogs were killed humanely a median of 3 days (range 1-17 days) from the time of documented PD. 
objective therapeutic response assessments
In cases with a contrast-enhancing tumor, a reduction in the enhancing tumor burden was apparent on acute posttreatment imaging examinations (Fig. 6) . Dogs 6 and 7 (Table 7) had nonenhancing isoattenuating (nontarget) low-grade gliomas that were difficult to differentiate from surrounding brain on CT images; thus, CT-based therapeutic responses were not evaluated in these cases.
Four dogs had posttreatment tumor biopsies performed 1-2 hours after IRE treatment during closure of the surgical wound in the operating theater (Dogs 3, 4, and 5) or at the time of necropsy within 24 hours (Dog 2) of IRE treatment. In each dog in which a posttreatment biopsy was performed, samples revealed that IRE ablation was associated with complete obliteration of cytoarchitectural features of the tumor (Figs. 7 and 8 ). Among the amorphous eosinophilic background, remaining recognizable cells frequently demonstrated morphological features of apoptosis, including nuclear pyknosis and karyorrhexis, intense cytoplasmic eosinophilia, apoptotic body formation, and caspase-3 immunoreactivity. IRE-induced tumor apoptosis was also demonstrated by the cleavage of procaspase-3 and poly(ADP-ribose) polymerase seen on Western blots (Fig. 7) . As determined from the necropsy of Dog 2, IRE treatment was associated with a sharply defined submillimeter line of demarcation between the ablated tumor and the adjacent brain, with a transitional zone of vacuolated neural tissue and perivascular inflammation interposed between the microscopically normal-appearing neuropil and the treated tumor (Fig. 8) .
Objective therapeutic responses determined from follow-up MRI examinations using RANO criteria are summarized in Table 7 and Fig. 9 . Overall, 80% (4 of 5) of dogs in this study with a quantifiable target lesion demonstrated an objective response to IRE treatment. Dog 2 also had a target lesion that met RANO criteria, but he died before the performance of posttreatment MRI; tumor ablation was confirmed at necropsy (Figs. 7 and 8).
discussion procedural observations
As has been shown in studies of IRE for ablation of tumors in other organs, 5, 7, 29, 32 IRE was generally a safe and well-tolerated treatment in this study. In the absence of severe complications, most of the dogs were able to be discharged from the hospital within 72 hours of treatment, and all dogs that survived to discharge had 14-day KPS scores that were improved over the pretreatment value. In addition, 4 of the 5 dogs with a target lesion that met RANO criteria demonstrated an objective reduction in contrast-enhancing tumor burden after treatment, which was accompanied by clinical improvements in tumorassociated neurological dysfunction. Although we and others previously observed treatment-induced cerebral edema in normal canine and rodent brains ablated with IRE, 13, 19, 21 we postulate that the rapid reduction in tumor volume associated with IRE ablation provides a plausible explanation for both the acute clinical improvements and lack of significant edema observed in 6 of the 7 dogs in this study, but we acknowledge that aggressive antiedema ND = no data (the dog died before discharge). * Includes 1 day for therapeutic planning. † 0, no detectable edema; 1, moderate peritumoral edema or mass effect with no (or improved) shift; 2, severe regional edema with shift or mass effect (or worsening of shift/mass effect). ‡ Relative to pretreatment value.
prophylaxis may also have contributed to the mitigation of procedural edema. The rapid reduction in tumor mass and short duration of hospitalization experienced by several of the dogs shows the potential for the NanoKnife to be combined with other adjuvant therapies in the acute postoperative period. In addition, IRE ablation may provide an alternative means of minimally invasive and expedient local tumor control when other methods, such as stereotactic radiosurgery, carry unacceptable risks or have failed. The decision to perform posttreatment tumor biopsies arose from ambiguity in the literature regarding the mechanism of IRE-induced cell death and the need to evaluate the validity of contrast-enhanced imaging techniques as acceptable surrogates of objective tumor response to IRE treatment of gliomas. Cellular death induced by pulsed electrical fields has been reported to occur via both necrosis and apoptosis in other normal and neoplastic tissues, including brain tissue. 4, 13, 33, 38 Reports of investigations in which pathologic evaluations of IRE ablated spontaneous soft-tissue tumors were performed in the acute posttreatment setting have principally described morphological features of necrosis. 34, 46 Given that reports of previous investigations in rodent and canine brain models indicate that electroporation is capable of transiently inducing disruption of the blood-brain barrier in the treated region over a wide range of applied electrical field strengths, corresponding to gadolinium contrast enhancement in electroporated regions of the brain, 13, 19, 21 we were unsure of the use of contrast-enhanced imaging techniques as an objective measure of tumor response. It has also been shown that microvascular flow is disrupted transiently in proximity to the delivery of electroporation pulses, which could result in an artifactual reduction in tumor enhancement unassociated with cell death, similar to a pseudoresponse. 18, 37 Re- Killed † IV CR = complete response; ECT = bleomycin electrochemotherapy (performed after documented PD); ND = no data available; PR = partial response; RT = fractionated radiotherapy (initiated 16 days after IRE; total dose 50 Gy in 20 2.5-Gy fractions). * Treatment-related brain necrosis and leukoencephalopathy confirmed at necropsy. † The dog was killed humanely at the request of the owner. ‡ New lesions distant from original tumor/treatment site. sults from posttreatment imaging studies and biopsies suggest that using RANO criteria is appropriate for assessing therapeutic responses to IRE and show that the reduction in contrast-enhancing tumor after IRE ablation resulted from tumor death.
The dog-specific imaging-based therapeutic planning that was performed before IRE treatment was crucial for selecting the electrical parameters, electrode probe location, and approach that would enable us to maximize tumor coverage and minimize potential damage to the surrounding normal brain tissue. Other than our initial in vivo studies quantifying the extent of the IRE zone of ablation in normal canine brain, there are no experimental data quantifying the effects of the pulsed electric fields in brain tumor tissue. 13, 18 By using computational models that incorporate the anatomical and electrical tissue heterogeneities (e.g., tumor, white matter, gray matter), we mitigated the trial-and-error experimental requirement for determining the pulse parameters. The models we developed include the electrical and thermal responses of tissue to IRE therapy to prevent undesired lethal effects in critical regions that are in close proximity to the treatment zone. 17, 18 Perhaps the most important advantage of this technique is that the main parameter that determines the success of the IRE therapy is the electric field distribution, which can be predicted with our computational models.
adverse effects
One dog (Case 5) experienced severe direct neurotoxicity in the form of cerebral edema associated with the IRE procedure. This dog demonstrated an immediate but transient deterioration in preoperative neurological deficits after recovery. It should be noted that this dog received an unexpectedly high energy dose as a result of pulse delivery to the ventricular system and the increased conductivity of cerebrospinal fluid compared with that of tumor tissue. The edema was managed effectively with corticosteroids and diuretics, and the dog's KPS score ultimately improved over the pretreatment value by 14 days after treatment. Therefore, additional caution must be exercised when planning and executing treatment in the periventricular regions, which are common sites of glioma occurrence, in the face of tumor invasion into or attenuation of the ventricular system. 49 Performance and incorporation of additional MRI studies, such as ventriculography, 3D constructive interference in steady state, or diffusion tensor imaging, into therapeutic plans may be necessary to prevent energy delivery to ventricles or eloquent brain regions.
Although fatal aspiration pneumonia was observed in 1 dog (Case 2) in this study, it was not thought to be directly attributable to the IRE procedure. Aspiration pneumonia is a well-described and often severe complication after craniotomy and other neurosurgical procedures in dogs; it has been reported to occur in nearly 25% of dogs that undergo surgical treatment of an intracranial mass lesion, with mortality rates that range from 23% to 58%. 15, 25 Perioperative vomiting is a known risk factor associated with aspiration in dogs with neurological disease and was present in both dogs that experienced aspiration in this study. 15, 25 Every dog in this study received antiemetics and gastric protectants according to the institutional standards of care for dogs that undergo craniotomy.
The majority of adverse effects observed in the 14-day acute safety window were mild to moderate (Grades 1 to 2) and thus were self-limiting or resolved with minor medical interventions. The most common acute adverse event in this study was Grade 1 or 2 seizures in the postoperative period, which occurred in 5 of the 7 dogs. In dogs, seizures are the most common clinical sign associated with brain tumors, occurring in 73% of dogs with supratentorial tumors, and all dogs in this study had secondary structural epilepsy before enrollment. 3, 39 The incidence of postoperative seizures in dogs with a brain tumor or potential influences of tumor type or specific anticonvulsant therapies on seizure outcome are unknown. Improvement in seizure control was ultimately achieved in 5 of the 6 dogs that survived to discharge. Dog 1 was treated with IRE and adjunctive radiation therapy and was ultimately killed because of progressive encephalopathic complications. 16 Postmortem examination revealed extensive regions of coagulative brain necrosis, vascular telangiectasias, and dystrophic calcification that extended from the original tumor site. These changes were interpreted as consistent with treatment-related necrosis of the brain and show that treatment-related necrosis is a potential and clinically significant complication of multimodal IRE therapy. 16 
procedural and study limitations
We acknowledge several technical limitations that must be addressed to enable practical implementation of IRE in the clinic. There are limited data on the effects of the pulsed electric fields in heterogeneous brain tumor tissue environments. However, as more patients are treated, our computational models can be iteratively adapted to include tumor-to-tumor variability in terms of the lethal threshold required for achieving successful treatment. Currently, the generation of imaging-based computational models for treatment planning is time-consuming and requires the use of multiple software platforms. Therefore, the development of user-friendly planning systems that operate in semiautomated to fully automated ways and can be imported or integrated into the NanoKnife system is imperative. The dynamic surgical environment or intraoperative complications may introduce variations that were not accounted for in computational models, such as occurred in Case 5. Therefore, coupling the imaging-based models to real-time imaging (e.g., electrode location) or electrical (e.g., tumor properties) feedback could help further improve the planning aspects of IRE therapy and allow for some intraoperative flexibility to accommodate unexpected changes of surgical complications that might occur between the development of the original treatment plan and the confirmation of delivery of pulses with therapeutic intent. Techniques such as MR electrical impedance tomography (MREIT) have been shown to enable realtime monitoring of the electrical field distribution during electroporation-based treatments. 26 We were unable to use MREIT in this study because of device and electrode probe MRI incompatibility issues.
The design of this study also did not allow for systematic investigation of the development or evolution of subacute or chronic cytoarchitectural or functional effects that IRE may have on peritumoral brain tissue. This and previous studies in rodent and canine brains have found that IRE ablations can result in acute perilesional inflammation, edema, and gliosis. 13, 21, 38 Future research is needed to characterize the long-term effects of IRE on the brain, because any resulting changes could cause or contribute to clinically significant phenomena such as tumoral epileptogenicity. Similar to surgery, tumor ablation with the NanoKnife is planned around targeting the tumor burden as determined macroscopically via MRI and as defined by the neurosurgeon and thus will not sufficiently address microscopic tumor infiltrates extending beyond the grossly visible tumor that define malignant gliomas. 47 In this study, site-distant progression occurred in 2 of the 5 dogs with a high-grade glioma, and at necropsy, 1 dog had microscopic tumor infiltrates that extended outside of the MR-targeted treatment region. Although reported cases of metastatic seeding of gliomas along surgical approach routes are rare in humans, we cannot completely exclude the possibility of iatrogenic tumor seeding in Case 5. 42 However, site-distant progression in this case was observed in the deep subcortical white matter in locations caudal and remote from the sites of electrode insertions and ventricular compromise. Monitoring for disease progression along electrode trajectories is indicated in patients treated with the NanoKnife, as recommended for all cannula-or probe-based diagnostic or therapeutic interventions in cases of malignant glioma. In this study, we attempted to mitigate tumor seeding by treating from the deep to the superficial aspects of the tumors requiring treatment at multiple electrode depths along the same trajectory, thus killing tumor cells in contact with the electrode probes.
In addition to the small sample size, this study was limited by the inclusion of a cohort of dogs that were heterogeneous with respect to tumor type, tumor volume, and pretreatment KPS score. For ethical and practical reasons, the study was designed to accept all eligible dogs with supratentorial glioma. The recruitment of dogs with glioma with a priori knowledge of tumor phenotypes is challenging, because canine glioma subtypes and grades cannot be reliably distinguished by using standard diagnostic MRI sequences, 49 and both antemortem diagnosticintent biopsy and surgical resection are rarely performed in client-owned dogs with glioma, as illustrated by the fact that only 1 of the 7 dogs reported here had a histopathologically confirmed glioma before study enrollment. Thus, we felt obligated to provide therapy to all the dogs with glioma whose owners consented to tumor biopsy. We also believed that the minimally invasive and precise nature of the NanoKnife IRE ablation procedure demonstrated in other organs 5, 7, 29, 31 may have clinical utility in treating lowand high-grade gliomas for which resection is preferred, but is not feasible or practical, or for being potentially useful in certain canine or human patients who may be poor candidates for surgery or stereotactic radiosurgical treatment because of tumor location or size.
Although there are many features of dogs with spontaneous gliomas that make them attractive for preclinical studies, there are inherent limitations of the model. Currently, there is no established standard-of-care therapy for dogs with spontaneous glioma, and as was apparent in this study, many dogs entered into clinical trials receive no treatment other than what is being offered by the trial. mechanisms of acquired tumor chemoresistance and radioresistance that make human gliomas notoriously difficult to treat. 6, 48 The consistency and end points of preclinical studies using client-owned dogs with spontaneous brain tumors depend heavily on the owner's consent, compliance, ethics, and emotions. 6, 23 In addition, although numerous shared molecular and genetic aspects of tumorigenesis have been identified in canine and human gliomas, current evidence also indicates that the genetic signatures of glioma are not completely analogous between the 2 species. For example, fundamental genetic aberrations identified in human gliomas, including isocitrate dehydrogenase-1 (IDH-1) and IDH-2 mutations, which occur in 50%-85% of low-grade human gliomas, and 1p/19q chromosomal deletions in oligodendrogliomas, have not been identified in the dog.
45,48 conclusions
The NanoKnife system is a novel, rapid, and minimally invasive method for the ablation of spontaneous canine telencephalic gliomas with IRE. The therapeutic planning techniques used in this study should be incorporated into future iterations of the NanoKnife system to facilitate the execution of intracranial IRE procedures. In addition to the treatment of glioma for patients in which local tumor control is desired but conventional surgical resection is deemed impractical or impossible, the ablative capabilities offered by IRE may provide an alternative treatment for other brain disorders, especially those in which the intended effect is controlled destruction of a well-defined anatomical target such as benign tumors, seizure foci, or movement disorders (i.e., essential tremor).
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